Critical strain energy release rate in CFRP composites characterizes the delamination resistance. More study is still needed to measure the critical strain energy release rate in sliding shear mode (G IIC ) considering various factors that influence its measurement. This study evaluates one of the influencing factors, the starter defect. Two types of on thin, unidirectional CFRP composites with one having thin film insert as starter defect and another one with pre-crack under Mode II loading were prepared and tested in three point bending end notch flexure (3ENF) test. It was found that the (G IIC ) of the former was more than twice higher than that of the latter, supposedly due to the presence of resin rich region in the former.
Introduction
Carbon fiber reinforced polymer (CFRP) composites have superior tailor-made properties that are not attainable from conventional material. This attracts wide range of uses in civil, marine, automotive, aerospace and sports applications. However, the low interlaminar strength of CFRP composites makes them susceptible to delamination damage during processing or in service. Delamination may cause severe stiffness reduction in a structure, leading to a catastrophic failure. Hence, measure of delamination resistance is essential properties of CFRP composites.
The resistance to delamination is characterized by interlaminar fracture toughness, or critical strain energy release rate (G C ). For delamination in a sliding shear mode (Mode II), the term used is G IIC . An approach to develop a G C expression is through the application of energy based linear elastic fracture mechanics. Still, study for G IIC measurement is a complicated exercise. The three end-notched flexure (3ENF) test [1] is widely used for this purpose due to its simple fixture.
What is of interest in this study is the effect of starter defect to the measured G IIC . Starter defect is needed for making the end notch in the specimen. Two common ways to make the end notch are by putting thin film insert during making the composite and by introducing pre-crack (either by Mode I or Mode II loading). It was identified that the two might give different GIIC reading when the specimen is 3ENF tested. There were experimental evidences that suggest G IIC is affected by the bond strength at the fiber/matrix interface [2] [3] [4] [5] [6] [7] . But, further study is still needed for specimens with different starter defects considering there might be resin-rich region in front of the thin film insert, compared to specimen with pre-crack as starter defect. Acknowledging that the G IIC from ENF test is dependent to the specimen thickness [8] [9] [10] , this study uses thin specimens, expectedly to facilitate x-ray penetration should such characterization is required. In term of orientation of the carbon fiber reinforcement, unidirectional laminates are used in this study.
Experimental
The material used in this study was [0 o ] 16 CFRP composite laminates. The nominal specimen width (b) was 25 mm, the initial crack length (a 0 ) was 12.5 mm and the total specimen length was 70 mm. The ratio of the length of the starter defect (a 0 ) to the half span (L) was fixed at 0.5. The ratio of span to thickness was such that transverse shear effects were minimized. The experiments of three point end notch flexure were carried out by adopting ASTM D790 [12] and ESIS ENF test protocol [1] . The three point bending end notched flexure (3ENF) test set up is shown in Fig. 1 . Two types of starter defects were investigated. The first one is thin film insert, which was put between two lamina during lay-up. The starter defect using thin film starter defect was less than 15 microns in thickness in order to comply with the ESIS protocol. For convenience, the CFRP composite having thin film insert as starter defect is termed CFRP1. The second one is Mode II pre-crack, by pre-cracking the test specimens in Mode II test to grow the delamination beyond the thin film insert's tip. This type of specimen is termed CFRP2.
Load was applied at the mid-point. Crosshead displacement rate was 1 mm/min. Tests were carried on Instron-8501 universal testing machine. During each test, the load-displacement data were recorded and P -δ curves were plotted. Load-point displacement and load were measured using a 5 kN load-cell. The Mode II interlaminar fracture toughness is calculated from the initial crack length and the load deflection curve using the highest load and deflection level (Equation 1): 
where a = initial crack length, P C = Critical load, E = stiffness, h = half of the overall thickness, and b = width of the specimen. The stiffness (E) was calculated using Equation 2:
where L = half distance between support, a = initial crack length, b = width of the specimen, h = half of the overall thickness, and C = compliance. The values of G IIc were determined from the point at which the load-displacement curve deviates from linearity, G IIc-NL , and also at maximum load, G IIc-max .
Result and Discussion
The force-displacement curves obtained from 3ENF test on CFRP composite with two types of starter defect are shown in Fig. 2 . The CFRP composite with thin film insert as starter defect (CFRP1) shows that the force increases to a peak value followed by a sudden load drop (line 0-a-b). This is in agreement with previous reports on CFRP composites [12] [13] [14] . For CFRP composite with mode II pre-crack as starter defect (CFRP2), the force increases linearly until certain point near the peak where it increases non linearly to reach the peak value and finally drops (line 0-c-d). It seems the CFRP2 exhibited the phenomenon of stiffness degradation just before failure. When further 3ENF test was performed on fractured CFRP2, the force-displacement curve of this CFRP2' (line 0-e-f in Fig. 2 ) also shows similar trend to that of CFRP2. It seems CFRP2' also showed similar non-linearity (stiffness degradation) near failure point.
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Figure 2
Typical force-displacement curves during 3ENF test on CFRP composites and G IIC values of the unidirectional CFRP composites having different starter defects.
By using Equation 1, the critical energy release rate under Mode II fracture (G IIC ) was calculated. The G IIC for specimen with thin film insert as starter defect (CFRP1) was more than twice higher than specimen with Mode II precrack as starter defect (CFRP2). Considering crack length (a) and sample size (b and h) were constant, it is apparent that the difference was due to the exhibited critical load (P C ) and the Young's modulus (E) of the composites. Sample with thin film insert as starter defect (CFRP1) showed much higher critical load and slightly higher Young's modulus and, hence, the higher G IIC compared to that of its Mode II pre-cracked counterparts (CFRP2). This result is in agreement with previous reports by Davies et al. [15] , Tanaka et al. [16] , and ESIS [1] . In term of critical energy release rate under Mode II loading, CFRP2' also showed similar G IIC compared to CFRP2. These seem to support the hypothesis that there is indeed resin rich region in front of the thin film insert in CFRP1. Once the resin rich region is no longer present, as in the case of CFRP2 and CFRP2', the fracture toughness drops.
Another G IIC influencing factor is the selection of critical load, should it be the one at peak point or the one where nonlinearity starts [15] . Selecting the latter as the critical load will result in even lower G IIC for CFRP2. Considering that selecting peak load as the critical load assumes that the composite can still withstand external load it is subjected to even though damage zone already starts to initiate, it was considered appropriate to use it in this study. Another factor which might influence the G IIC result is friction, since shearing took place and the end notch surface are in contact one another. However, it was reported that effect of friction in Mode II fracture test is low [17] . Therefore, its net effect to the result was considered negligible to the results reported herein. Overall, from the views of conservativeness and consistency of the obtained G IIC value, this study recommends the use of pre-crack as starter defect in 3ENF test of unidirectional CFRP composites whenever possible, especially for design purposes.
Conclusions
The effect of starter defect on thin, unidirectional CFRP composites to the critical strain energy release rate under Mode II loading (G IIC ) was evaluated through 3ENF test. The G IIC of CFRP composite having thin film insert as starter defect (CFRP1) is much higher than that of the Mode II pre-cracked counterpart (CFRP2). Presence of resin rich region in CFRP1 is suggested to be the cause.
